Sperm capacitation is a maturation event that takes place in the female reproductive tract and is essential for fertilization. A family of phospholipid-binding proteins present in bovine seminal plasma (BSP proteins) binds the sperm membrane at ejaculation and promotes bovine sperm capacitation. Homologues of these proteins have also been isolated from boar, ram, goat, bison and stallion seminal fluid, suggesting that BSP proteins and their homologues are conserved among mammals. However, there have been no reports on BSP-homologous proteins in mice and humans to date. A search of the mouse and human genomes, using the nucleic acid sequences of BSP proteins, revealed the presence of three BSP-like sequences in the mouse genome, named mouse BSP Homologue 1 (mBSPH1), mBSPH2 and mBSPH3, and one sequence in the human genome (hBSPH1). Mouse epididymal expressed sequence tags corresponding to partial sequences of mBSPH1 and mBSPH2 were identified. The entire complementary DNA (cDNA) sequences of mBSPH1 and mBSPH2 from mouse epididymis and hBSPH1 from human epididymis were obtained by 5¢-/3¢-rapid amplification of cDNA ends (RACE) and encode predicted proteins containing two tandemly repeated fibronectin type II domains, which is the signature of the BSP family of proteins. Using RT-PCR, it was revealed that mBSPH1, mBSPH2 and hBSPH1 mRNA are expressed only in the epididymis. Expression of mBSPH3 was not detected in any tissue and probably represents a pseudogene. This work shows, for the first time, that BSP homologues are expressed in mouse and human and may be involved in sperm capacitation in these species.
Introduction
Mammalian sperm acquire the capacity to fertilize an oocyte through a complex series of molecular modifications. After testicular spermatogenesis, immature sperm enter into the epididymis to undergo the first maturation events necessary for the acquisition of their fertilizing ability (Cooper, 1995) . Numerous proteins are secreted by the epididymal epithelium and added to the sperm membrane at this stage, and several membrane proteins and receptors are exposed. The complex assortment of molecules found on the sperm head after maturation is crucial for sperm to undergo capacitation, reach the site of fertilization, recognize the oocyte, bind to oocyte surface receptors and finally fuse with the oocyte (Cooper, 1995; Jones, 1998) .
Despite the maturation steps having occurred during epididymal transit, mammalian sperm emerging from the male reproductive tract are still incapable of fertilizing an oocyte. Complete fertilizing potential is acquired during a second maturation process that takes place in the female reproductive tract and is named capacitation (Austin, 1951; Chang, 1951) . Despite years of investigations, sperm capacitation is still poorly understood. This multistep process involves several biochemical and ultrastructural changes in the sperm membrane (Yanagimachi, 1994) . Sperm undergoing capacitation exhibit loss of adsorbed proteins originating from seminal plasma (SP), modification of membrane lipid composition, increased permeability to Ca 2+ , increased intracellular pH, redistribution of surface proteins, changes in intramembranous particle distribution, increased sperm motility (hyperactivation), increased adenylate cyclase and cyclic-adenosine monophosphate (cAMP) and an increased tyrosine phosphorylation of a group of signalling proteins (for reviews, see de Lamirande et al., 1997; Visconti and Kopf, 1998) . Only those sperm having completed capacitation in the proper time and place will be capable of undergoing the acrosome reaction and fertilizing an oocyte. In the bovine species, a family of SP proteins [bovine seminal plasma (BSP) proteins] bind to the sperm membrane upon ejaculation and are essential for sperm capacitation (Manjunath and Therien, 2002) .
BSP proteins (BSP-A1, BSP-A2, BSP-A3 and BSP-30 kDa) are secreted by the seminal vesicle epithelial cells as part of the semen and constitute ∼60% of total BSP proteins. BSP-A1 and -A2 differ only in their degree of glycosylation and are considered as one chemical entity, named BSP-A1/-A2 or PDC-109 (Esch et al., 1983) . The biochemical properties and structure of these proteins have been thoroughly characterized (Manjunath et al., 1988) . Each BSP protein contains two homologous type II domains (Fn2 domains) (Fan et al., 2006) that are responsible for the binding of these proteins to choline phospholipids, glycosaminoglycans (GAGs), collagen and gelatin (Manjunath et al., , 1988 (Manjunath et al., , 2006 . BSP proteins can also bind to high-and low-density lipoproteins (Manjunath et al., 1989 Therien et al., 2001) . The cloning and sequencing of the complementary DNA (cDNA) corresponding to the BSP proteins has been reported (Kemme and Scheit, 1988; Salois et al., 1999) . Recently, three new BSP-related genes (BSPH4, BSPH5 and BSPH6) were identified in the bull, and their expression in the seminal vesicles (BSPH4), epididymis and testis (BSPH5 and BSPH6) was ascertained (Fan et al., 2006) .
Homologues of BSP proteins have been characterized from the seminal fluid of boar, stallion, goat, bison and ram (reviewed in Manjunath et al., in press ), indicating that they are conserved among mammals and probably share similar roles in sperm capacitation. However, there have been no reports to date revealing the presence of BSP family proteins in mice or humans. This study was aimed at characterizing BSP-homologous genes in these species.
Materials and methods

Materials
Human epididymis, testis and seminal vesicles were obtained through our local organ transplantation programme. Donors were 28-48 years of age with no medical pathologies affecting reproductive function. Tissues were collected while artificial circulation was maintained to preserve organs assigned for transplantation. Seminal vesicle tissue was obtained from patients undergoing prostatectomy by laparoscopy under general anaesthesia. Tissues were immediately sent to the laboratory, dissected, snap-frozen in liquid nitrogen and stored at -80°C until use. All procedures were approved by the ethical committee of Laval University. Human prostate was obtained with informed consent from benign prostatic hyperplasia patients undergoing laser resection of the prostate at the McGill University Health Centre.
Animal use, tissue collection and RNA extraction
Mice were maintained and handled according to the guidelines of the Animal Care Committee at the Guy-Bernier Research Centre. Mouse tissues were collected immediately after killing the mice and were snap-frozen in liquid nitrogen. Tissues were stored at -80°C until RNA extraction. Total RNA from human testis and caput epididymal tissues was isolated as explained by Legare et al. (1999) . Human prostate RNA was prepared using the RNeasy Minikit (Qiagen, Mississauga, ON, Canada) according to the manufacturer's specifications. Human seminal vesicle and mouse tissue RNA were extracted using the Trizol™ Reagent (Invitrogen, Carlsbad, CA, USA) according to manufacturer's instructions.
Cloning of mBSPH1, mBSPH2 and hBSPH1 cDNA
To determine the internal sequences (Fn2 domains) of mBSPH1 and hBSPH1, PCR products resulting from the amplification of mouse or human epididymal cDNA were excised from the agarose gel, purified using the Qiaex II gel purification kit (Qiagen) and sequenced using the Big Dye® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA) and the ABI PRISM® 3100 Genetic Analyzer (Applied Biosystems). PCR primers (Table I) were designed according to the partial Fn2 domain cDNA sequences obtained from a BLAST search of the mouse and human genomes using the BSP nucleic acid sequences. The missing 5′-and 3′-ends were obtained using the 5′-and 3′ Rapid Amplification of cDNA Ends (RACE) Systems (Invitrogen) according to manufacturer's instructions.
Briefly, for 5′-RACE of mBSPH1, first-strand cDNA was synthesized using total mouse epididymal RNA and mBSPH1 gene-specific primer-1 (GSP1) ( Table I) . PCR amplification was performed using mBSPH1 GSP2 (Table I) and the abridged anchor primer (AAP) (supplied in kit). The PCR conditions were as follows: one cycle at 94°C for 2 min; 35 cycles at 94°C for 45 s, 55°C for 45 s and 72°C for 1.5 min and one cycle at 72°C for 7 min. A nested amplification was performed using a nested mBSPH1 PCR primer (Table I ) and the abridged universal amplification primer (AUAP) (supplied in kit) under the same conditions. For 3′-RACE, first-strand cDNA was synthesized using total mouse epididymal RNA and the adapter primer (supplied in kit). PCR amplification was performed using mBSPH1 GSP3 and AUAP primers under the same conditions.
For 5′-RACE of hBSPH1, first-strand cDNA was synthesized using total human epididymal RNA and hBSPH1 GSP1 (Table I) . cDNA was PCR-amplified using hBSPH1 GSP2 and AAP primers, under identical PCR conditions as for mBSPH1. A semi-nested amplification was performed using the universal amplification primer (supplied in kit), under the same conditions except with only 30 cycles. For 3′-RACE, first-strand cDNA was synthesized using total human epididymal RNA and the adapter primer. A first PCR amplification was performed using hBSPH1 GSP3 (Table I ) and AUAP primers, under the same conditions as for mBSPH1 3′-RACE. A semi-nested PCR was performed using a nested hBSPH1 primer and AUAP.
The open reading frame (ORF) and 3′-untranslated region of mBSPH2 were obtained by sequencing a commercially available expressed sequence tag (EST) (ATCC #9075483). The 5′-end was obtained by 5′-RACE using the system described above. Briefly, first-strand synthesis was performed using total mouse epididymal RNA and mBSPH2 GSP1 (Table I) . cDNA was PCR-amplified using mBSPH2 GSP2 (Table I ) and AAP primers, under the same conditions described above. A semi-nested amplification was performed using mBSPH2 GSP2 and the universal amplification primer, under the same PCR conditions except with only 30 cycles.
The final 5′-and 3′-RACE products were subcloned into pCR2.1 (Invitrogen) and sequenced. The ORFs of mBSPH1, mBSPH2 and hBSPH1 mRNA were identified using the ORF Finder tool from NCBI (http:// www.ncbi.nlm.nih.gov/projects/gorf/). The cDNA sequences of mBSPH1, mBSPH2 and hBSPH1 were deposited into GenBank under accession numbers DQ227498, DQ227499 and DQ227497, respectively. The full cDNA sequences of each gene were compared with the genomic sequences using the BLAST2 algorithm, and each pairwise match was then mapped onto the chromosome. Intron/exon boundaries were determined by the exact match of the Table I . Oligonucleotide primers used in this study
cDNA with the genomic sequences and the consensus boundary (GT/AG) (Shapiro and Senapathy, 1987) .
Analysis of predicted protein sequences
The presence of potential signal peptides within the mBSPH1, mBSPH2 and hBSPH1 protein sequences as well as the expected cleavage sites were examined using the SignalP 3.0 software (Bendtsen et al., 2004) . A search for potential O-glycosylation sites was performed using NetOGlyc 3.1 (Julenius et al., 2005) . To compare sequence similarity, we aligned the amino acid sequences with those of BSP-A1/-A2 and BSP-A3 (GenBank numbers: P02784 and P04557) using the ClustalW method (Thompson et al., 1994) . Similarity was calculated according to the PAM250 matrix. The sequences of mBSPH1, mBSPH2 and hBSPH1 were submitted to the SWISS-MODEL server (Automated Comparative Protein Modeling Server, version 3.0) (Schwede et al., 2003) for comparative protein structure modelling. All homology models were generated based on the template of BSP-A1/-A2 (PDC-109; PDB accession number: 1H8P) using Swiss-Pdb Viewer 3.7 (Guex and Peitsch, 1997; Schwede et al., 2003) and MOLMOL 2K.2 (Koradi et al., 1996) .
RT-PCR
RT-PCRs were performed with the Superscript-III First-Strand Synthesis System (Invitrogen) according to manufacturer's protocol. Briefly, 2 μg of total RNA from each tissue was treated with DNase (New England BioLabs, Beverly, MA, USA) and reverse transcribed. Two microlitres of the first-strand reaction was used as a template for PCR amplification with gene-specific primers. The mBSPH1, mBSPH2 and hBSPH1 gene fragments were amplified using primers designed as described above according to the partial Fn2 domain cDNA sequences (Table I) . A mouse b-actin gene fragment was amplified as a control for mBSPH1 and mBSPH2, whereas a human g-actin gene fragment was amplified as a control for hBSPH1 using the primers described in Table I . PCR conditions were as follows: one cycle at 94°C for 3 min; 35 cycles at 94°C for 45 s, 55°C for 45 s and 72°C for 1 min and one cycle at 72°C for 7 min. The RT-PCR products were analysed in 1.5% agarose gels containing ethidium bromide.
Results and discussion
Presence of BSP-homologous sequences in the mouse and human genomes BSP proteins play a crucial role in bovine sperm capacitation, and homologues of these proteins have been isolated and characterized from the seminal fluid of numerous species. Quite recently, we performed an extensive bioinformatics analysis of all proteins containing Fn2 domains in fully or partially sequenced genomes of several mammalian species and found that those contained within BSP-related proteins are unique compared with other Fn2-containing proteins, thus allowing the identification of many yet unidentified BSP-related sequences (Fan et al., 2006) . The mouse genome was searched for BSP-related sequences, allowing the identification of three BSP-related genes on chromosome 7, designated mouse BSP Homologue 1 (mBSPH1), mBSPH2 and mBSPH3. In a similar fashion, the recently updated human genome shotgun assembly (Istrail et al., 2004) was searched, yielding one hit with a score of 47% identity in predicted amino acid sequence. The human BSP-homologous gene was named hBSPH1 and is orthologous to mBSPH1 (Fan et al., 2006) . Based on the mapping data from the shotgun assembly, the hBSPH1 gene is located in loci along chromosome 19.
To verify whether the newly identified sequences are actively transcribed genes, we searched the EST database using the mouse BSP-homologous gene sequences and identified several ESTs of epididymal origin (GenBank accession numbers: BY721041 and BB73190 for mBSPH1; and BY721134, AV381075, BB073010, BU961078 and AV379540 for mBSPH2). However, there were no ESTs sharing sequence similarity with mBSPH3. The epididymal expression of mBSPH1 and mBSPH2 was confirmed by RT-PCR although no expression was detected for mBSPH3 (discussed below), which seemingly represents a pseudogene.
Full cDNA sequences of mBSPH1, mBSPH2 and hBSPH1
The full-length mRNAs encoded by mBSPH1 and hBSPH1 were obtained by RT-PCR of epididymal RNA followed by 5′-and 3′-RACE and are shown in Figure 1A and C. The mBSPH1 cDNA sequence (DQ227498) is 716 bp in length with an ORF of 402 bp (including the stop codon), encoding a predicted protein of 133 amino acids. In the case of hBSPH1 (Figure 1C) , the entire cDNA (DQ227497) spans 654 bp, with a complete ORF of 399 bp (including the stop codon), coding for a predicted protein of 132 amino acids. The cDNA sequence of mBSPH2 ( Figure 1B) was obtained by sequencing a commercially available EST, which allowed the determination of the entire ORF as well as the 3′-untranslated region, whereas the sequence of the 5′-untranslated region was obtained by 5′-RACE. The complete cDNA sequence of mBSPH2 (DQ227499) is 530 bp in length with an ORF of 396 bp, encoding a protein of 131 amino acids.
Intron/exon organization of the mouse and human BSP-homologous genes
The mouse mBSPH1 gene spans 24 kb of chromosome 7 and consists of five exons and four introns. A similar organization was observed for mBSPH2, also on chromosome 7, which contains five exons and four intronic sequences spanning ∼21 kb. In the case of hBSPH1, the 26-kb genomic DNA sequence found on chromosome 19 encompasses six exons and five introns. The intron/exon splice sites as well as the sizes of each intron and exon for mBSPH1, mBSPH2 and hBSPH1 are indicated in Table II . All intron-exon boundaries were consistent with the GT/AG rule for eukaryotic splice junctions (Shapiro and Senapathy, 1987) .
The non-coding regions of the mBSPH1, mBSPH2 and hBSPH1 genes were analysed by the blastx and blastn programs, revealing that introns in mBSPH1 (introns 2 and 3) and in mBSPH2 (intron 2) encoded a reverse transcriptase that may have originated from L1-retrotransposable elements (Shehee et al., 1987; Martin, 1995; Goodier et al., 2001) . In addition, homologous fragments of the Plasmodium yoelii yoelii hypothetical protein PY07367 coding sequence (XP_728215) (Carlton et al., 2002) were also evident within intron 1 of both mBSPH1 and mBSPH2, a situation that may have resulted from the mobilization of retrotransposons or from horizontal gene transfer from the rodent malaria parasite DNA. The introns in the human hBSPH1 gene were rich in Alu repeat elements (Jurka and Milosavljevic, 1991; Claverie and Makalowski, 1994) . These mobile and repeat elements, as the main components of the mouse and human genomes, may play a role in the evolution of BSP-homologous genes.
Chromosomal mapping of the mouse and human BSP-homologous genes
Mapping of the mouse BSP-homologous genes revealed that the mBSPH1 and mBSPH2 coding strands are arranged in a 'head-tohead' orientation on chromosome 7, suggesting that the two genes may share a common promoter and/or regulatory elements (Doerwald et al., 2004; Trinklein et al., 2004) . Moreover, the human and mouse BSP-homologous genes map to syntenic segments of their respective genomes, which signifies that orthologous genes are present in the same order and indicates a common evolutionary origin. The BSP-homologous genes are found in large syntenic segments of the chromosomes, which share the same gene order although there are differences in the spacing between each gene. Because there is but a single BSP-homologous Complementary DNA (cDNA) and deduced amino acid sequences of the mouse and human bovine seminal plasma (BSP protein) homologues. The cDNA sequences of (A) mBSPH1, (B) mBSPH2 and (C) hBSPH1 were obtained as described in the Methods section. The predicted signal peptide is indicated in bold italic letters and the position of the predicted cleavage site is marked by an upside-down arrow. The eight characteristic cysteine residues constituting the two Fn2 domains are circled. gene in humans, it is possible that the mouse mBSPH2 and mBSPH3 sequences arose from gene duplication. Our previous studies indicated that there is also a single BSP-homologous gene in the genomes of other primates such as chimpanzee and monkey (Fan et al., 2006) . The syntenic mapping of the human and mouse BSP-homologous genes suggests that the mouse may be a good model to study the functions of human genes in reproductive biology.
Putative signal peptides in the mBSPH1, mBSPH2 and hBSPH1 predicted proteins
The cDNA sequences determined for mBSPH1, mBSPH2 and hBSPH1 were translated and the predicted protein sequences are also indicated in Figure 1 . In bovine, the BSP protein sequences contain signal peptides targeting the proteins for secretion. Similarly, BSPhomologues identified in other species also are secreted proteins. Using the SignalP 3.0 server, it was revealed that the mBSPH1, mBSPH2 and hBSPH1 protein sequences contain 20-, 22-and 17-amino acid predicted signal peptides, respectively, at the N-terminus of the immature proteins (expected cleavage sites indicated in Figure 1 ). The predicted amino acid structures strongly suggest the presence of two Fn2 domains, which are responsible for the binding of BSP proteins to the sperm membrane (Manjunath et al., 1994) as well as to other extracellular ligands such as lipoproteins (Manjunath et al., 1989 and GAGs (Therien et al., 2005) . Consequently, mBSPH1, mBSPH2 and hBSPH1 should be secreted proteins.
Molecular characteristics of the mBSPH1, mBSPH2 and hBSPH1 predicted proteins
After cleavage of the putative signal peptide of mBSPH1, the mature protein would contain 113 amino acids (including the eight cysteines characteristic of the BSP-family Fn2 domains), with a predicted molecular weight of 13.8 kDa and an isoelectric point (pI) of 5.12 ( Figure 1A ). Mature mBSPH2 would be a 109-residue protein, with a calculated molecular weight of 12.8 kDa and a pI of 6.46, and would also contain the eight characteristic cysteine residues ( Figure 1B ). In the case of the human protein, the predicted length of the mature protein is 115 amino acids, accounting for a theoretical molecular weight of 13.8 and a pI of 8.10. The porcine BSP-homologue, pB1, is also a basic protein with a pI of 8.6 (Jonakova et al., 1998) . Mature hBSPH1 contains nine cysteine residues ( Figure 1C ), in contrast to bovine, porcine and murine BSP proteins, which contain eight. The N-terminal cysteine is expected to be free as the eight others are found within the Fn2 domains and would therefore be participating in intramolecular disulphide bridges. The free cysteine may participate in intermolecular disulphide bridges with other hBSPH1 molecules or with distinct proteins. Alternatively, despite the predictions, the N-terminal cysteine may not be part of the mature protein.
Analysis of potential O-glycosylation of mBSPH1, mBSPH2 and hBSPH1
BSP-A1, BSP-A2 and BSP-30 kDa are glycoproteins, whereas BSP-A3 does not contain any carbohydrate Manjunath et al., 1988; Calvete et al., 1996) . Porcine pB1 and equine SP-1 are also glycosylated proteins (Calvete et al., 1995 (Calvete et al., , 1997 . In all cases, the carbohydrate linkage was shown to be O-glycosidic. Therefore, we analysed the predicted protein sequences of the three new BSP homologues for potential O-glycosylation sites. Of the 10 serine/ threonine residues in mature mBSPH1, the 14 Ser/Thr residues found in mBSPH2 and the 14 Ser/Thr residues in hBSPH1, none displayed significant scores with respect to O-glycosylation. The BSP homologues from mice and human are therefore not expected to be glycosylated.
mBSPH1, mBSPH2 and hBSPH1 display features characteristic of the BSP family
To compare the amino acid sequences, we aligned the sequences of mBSPH1, mBSPH2 and hBSPH1 with those of bovine BSP-A1/-A2 and BSP-A3 (Figure 2A) . The newly identified BSP-homologues share many conserved motifs with the bovine BSP proteins, especially surrounding the cysteine residues. The -C-X-F-P-F-motif (where X is usually valine or another non-polar amino acid), found at the first cysteine residue of each Fn2 domain, is characteristic of BSP-family proteins (Esch et al., 1983; Seidah et al., 1987; Calvete et al., 1996 Calvete et al., , 1997 Plucienniczak et al., 1999; Villemure et al., 2003; Bergeron et al., 2005) . As seen in Figure 2A , the -W-C-S-L-motif, which borders the third cysteine of each Fn2 domain, is preserved in the mouse and human proteins. In addition, the -W-(K/R)-Y-C-motif, which surrounds the fourth cysteine of each Fn2 domain, is found in the new homologues, except for a slight change in the second Fn2 domain of mBSPH2 and in the first Fn2 domain of hBSPH1. The conserved tryptophan and tyrosine residues are thought to be important for forming the hydrophobic cluster that lines the phosphorylcholine binding pocket, as was shown for BSP-A1/-A2 (PDC-109) (Wah et al., 2002) . Many other single amino acids are also conserved throughout the sequences (Figure 2A) . A schematic representation of the domain organization of the mouse and human BSP-homologous proteins is shown in Figure 2B . The mature proteins are predicted to have a variable N-terminal extension followed by Fn2 domain A, a short linker peptide, Fn2 domain B and a variable C-terminal extension. This domain repartition is strikingly similar to that of the bovine BSP proteins, except for the absence of a C-terminal extension in the bovine proteins. In addition, with the exception of the variable N-terminal domain, all domains of the mouse and human homologues are composed of the same number of amino acids as those found in the bovine proteins (Fn2A, 38 residues linker, 7 residues and Fn2B, 42 residues). The boar (pB1; NP_998997) and stallion (SP1, SP2 and CAE46515, CAE46517) BSP homologues also share a highly similar domain organization. To visualize the three-dimensional organization of the predicted mouse and human BSP-homologues, we created homology models of mBSPH1, mBSPH2 and hBSPH1 (Figure 3 ) based on the available crystal structure of BSP-A1/-A2 (PDC-109; PDB accession number, 1H8P) (Wah et al., 2002) . Phosphorylcholine, a known ligand of BSP proteins, is shown in the figure within the presumed choline-binding pocket. The important sequence similarity together with the identical domain and three-dimensional organization indicates that the newly identified proteins from mouse and human belong to the BSP family.
The mouse and human BSP homologues share strong sequence similarity with the bovine proteins
The per cent identity and similarity among the new homologues as well as between these proteins and bovine BSP-A1/-A2 and BSP-A3 were calculated and are presented in Table III . mBSPH1 shares 35-40% identity and 53-55% similarity with the bovine proteins and with mBSPH2. It is most similar to hBSPH1 (56% identity and 78% similarity), which was expected as mBSPH1 and hBSPH1 are orthologous genes (Fan et al., 2006) . Similarly, hBSPH1 shares 33-41% identity and 54-56% similarity with the bovine proteins and mBSPH2 but is most similar to its orthologue, mBSPH1. mBSPH2 shares 33-37% identity and 50-56% similarity with the bovine, mouse and human proteins. When these calculations are performed on the sequences of the Fn2 domains (excluding the variable N-and C-terminal sequences), the values obtained are on average 10 points higher than those calculated for the entire proteins (data not shown). The Fn2 domains of hBSPH1 are 47-48% identical in amino acid sequence to BSP-A1/-A2 and BSP-A3, which is the value that was obtained when the initial search of the human genome was performed. The high level of conservation within the Fn2 domains suggests a conservation of the characteristic binding properties of BSP proteins, which are conferred by the Fn2 domains, and may also indicate shared biological functions.
Reproductive tissue-specific expression of mouse and human BSP-homologous mRNA
To assess the expression pattern of the BSP-homologous genes, we performed RT-PCR with RNA isolated from mouse and human tissues. Using the genomic sequences obtained in the BLAST search described above, we designed primers for PCR amplification of the new mouse and human BSP-homologous genes, within the predicted exons (exons 3 and 4 for mBSPH1 and mBSPH2 and exons 4 and 5 for hBSPH1) encoding the Fn2 domains ( Table I) . As shown in Figure 4A , expression of mBSPH1 and mBSPH2 mRNA was detected solely in the mouse epididymis. As expected, our results indicate that mBSPH3 is not an actively transcribed gene, because expression was not detected in any tissue using several different primer pairs and numerous experimental conditions (data not shown).
Because the bioinformatics analysis indicated that hBSPH1 is orthologous to mBSPH1, we predicted the expression of this gene in the human epididymis. Indeed, hBSPH1 mRNA is expressed in the human epididymis and also weakly in testis but not in prostate or seminal vesicles ( Figure 4B ). No expression was detected in brain, intestine or lung; therefore, results suggest the restriction of expression to the male reproductive tract. However, because of difficulties in obtaining human material, other tissues were not yet examined. For all RT-PCR experiments, samples for which the RT reaction was performed without Figure 3 . Ribbon representation of homology models of the mouse and human bovine seminal plasma (BSP protein) homologues. A potential ligand, phosphorylcholine, is represented in ball and stick structure. The figure was prepared with Swiss-PbdViewer 3.7b2 (Guex and Peitsch, 1997) and MOL-MOL 2K.2 (Koradi et al., 1996) . The BSP-A1/-A2 (PDC-109; PDB accession number, 1H8P) template is from Wah et al. (2002) , in which chains PDC-109 A and PDC-109 B correspond to two monomers because this protein forms dimers when associated with phosphorylcholine. Table III . Comparison of the degree of identity and similarity between the new mouse and human BSP-homologues and the bovine seminal plasma (BSP) proteins Predicted protein sequences were aligned according to ClustalW (Thompson et al., 1994) and identities and similarities were calculated. The similarity matrix used was PAM250. Values for per cent identity are on the left side of the table below the diagonal, and those for per cent similarity are indicated on the right side above the diagonal. reverse transcriptase served as a negative control (data not shown). The PCR products, corresponding to the partial transcripts of the mBSPH1, mBSPH2 and hBSPH1 genes, were confirmed by DNA sequencing, as described in the Methods section. A recent molecular evolutionary analysis revealed that all BSPrelated sequences could be grouped into three subfamilies: BSPH4, which is expressed in seminal vesicles, and BSPH5 and BSPH6, which are expressed in the epididymis and testis (Fan et al., 2006) . The BSPH4 subfamily includes BSP-A1/-A2, BSP-A3 and BSP-30 kDa, which are all expressed in the seminal vesicles. Human hBSPH1 and mouse mBSPH1 are included within the BSPH5 subfamily, and mouse mBSPH2 is in the BSPH6 subfamily. Thus, the expression of these genes in the epididymis is consistent with the phylogenetic predictions.
Potential biological functions for the mouse and human BSP homologues
In the bovine species, BSP proteins are intimately involved in the process of sperm capacitation (reviewed in Manjunath and Therien, 2002) , and BSP homologues from other mammals are also believed to play similar roles. This study has identified BSP-homologous genes in mice and human, the mRNA of which are expressed in the epididymis, differing from the seminal vesicle expression seen in other species. This may be due to species-specific differences in sperm maturation, because, in contrast to bull semen, mouse and human semen are known to coagulate after ejaculation, in which case sperm coating by SP proteins would be highly inefficient. Our preliminary experiments indicate almost undetectable levels of BSP-homologous antigens in human SP, consistent with the idea that the contact between sperm and hBSPH1 would be taking place inside the epididymis, where a small number of sperm reside for a long period. Thus, organisms that express BSPs in the epididymis need not synthesize them in excess to coat the sperm surface, unlike in other species where large amounts of BSP homologues are produced by the seminal vesicles and added to sperm at ejaculation.
On the contrary, the mouse and human BSP homologues may fulfil somewhat different biological functions than those exerted by BSP proteins from other species. Numerous studies have shown that proteins secreted by the epididymis associate with the sperm membrane during epididymal transit and confer the ability to interact or fuse with the oocyte (Sullivan, 1999; Cohen et al., 2001; Weerachatyanukul et al., 2003) . BSP-homologous proteins may also be added to sperm during epididymal transit and remain there until sperm enter the female reproductive tract and are ready to undergo capacitation, in which case BSP homologues in mice and human could fulfil a role similar to that of the bovine BSP proteins.
In summary, we have shown for the first time that mice and humans also express homologues of the major BSP proteins. The full cDNA sequences and genomic structure of the mouse and human BSP homologues were determined and mapped to syntenic segments of mouse chromosome 7 and human chromosome 19. Expression of these genes seems to be restricted to tissues of the male reproductive tract, namely the epididymis, strongly suggesting a role in sperm maturation. On the basis of the known role of BSP proteins in sperm capacitation, a similar role is predicted for the mouse and human BSP homologues. Further studies are underway to characterize these proteins and confirm their biological implications.
